Closed-cell foams are widely applied as insulation and essential for the thermal management of protective garments for extreme environments. In this work, we develop and demonstrate a strategy for drastically reducing the thermal conductivity of a flexible, closed-cell polychloroprene foam to 0.031 AE 0.002 W m À1 K À1 , approaching values of an air gap (0.027 W m À1 K À1 ) for an extended period of time (>10 hours), within a material capable of textile processing. Ultra-insulating neoprene materials are synthesized using high-pressure processing at 243 kPa in a high-molecular-weight gas environment, such as Ar, Kr, or Xe. A Fickian diffusion model describes both the mass infusion and thermal conductivity reduction of the foam as a function of processing time, predicting a 24-72 hour required exposure time for full charging of a 6 mm thick 5 cm diameter neoprene sample. These results enable waterproof textile insulation that approximates a wearable air gap. We demonstrate a wetsuit made of ultra-low thermally conductive neoprene capable of potentially extending dive times to 2-3 hours in water below 10 C, compared with <1 hour for the state-of-the-art. This work introduces the prospect of effectively wearing a flexible air gap for thermal protection in harsh environments.
Introduction
Thermally insulating materials are critical for human survival at low temperatures, particularly wearable fabrics. This is especially true in water, where heat loss to the surroundings is more efficient than in air, even across smaller temperature differences. High-performance water-compatible thermally insulating garments are essential for military divers, shipyard and underwater workers, and recreational and professional openwater swimmers and triathletes. In particular, polychloroprene (neoprene) foams are exible, water-resistant precursors for thermally insulating garments that have been widely investigated. [1] [2] [3] [4] In general, foam insulation contains a low-thermal conductivity gas dispersed in a relatively low thermal conductivity matrix in an open or closed cell structure. 5 The thermal conductivity of the composite is highly inuenced by the thermal conductivities of the gas and matrix material; in addition, the cell size and type affect the effective thermal conductivity. 5 Traditional thermal insulation materials consist of biopolymer-based materials, such as cork (thermal conductivity between 0.040-0.050 W m À1 K À1 ) 5, 6 and cellulose (0.040-0.050 W m À1 K À1 ), 5, 6 or fossil-fuel-derived polymeric foams, 6 such as expanded polystyrene (EPS) (0.030-0.040 W m À1 K À1 ), 5,7-9 extruded polystyrene (0.030-0.040 W m À1 K À1 ), 5,7,10 polyurethane (0.020-0.030 W m À1 K À1 ), 5, 7, 9, 11, 12 and neoprene (0.050-0.060 W m À1 K À1 ). 1 For the purpose of developing thermally insulating garments, however, researchers have focused primarily on neoprene foams due to its exibility (capability of being shaped into a garment) and its closed cell nature (giving the material water resistance). 13 Other closed-cell insulating foams applicable to garment fabrication include thermoplastic polyurethane (TPU) (0.05 W m À1 K À1 ), 14 high performance polyamide (e.g., ZOTEK N) (0.038 W m À1 K À1 ), 15 and polyether block amide (PEBA) (0.038-0.058 W m À1 K À1 ). 16 Herein, we develop and model a process for the nondestructive, repeatable fabrication of transient gas insulating materials (GIMs) 17 from commercial closed-cell polychloroprene foams. As a demonstration, we modify commercial neoprene in the form factor of a wetsuit and reduce its thermal conductivity by up to 40%. The thermal conductivity of the altered neoprene remains below the control value for more than 12 hours, enabling a potentially dramatic enhancement in insulation performance of foam neoprene-based garments, such as wetsuits. We note that highly insulating open cell and exible foams, such as silica aerogels operating in the Knudsen regime, have been demonstrated to have thermal conductivities lower than that of air (0.026 W m À1 K À1 ); however, due to their open cell nature, these foams have limited water resistance capabilities and have also been reported to have both poor mechanical properties and health issues. 18 Furthermore, some closed cell foams, for example EPS, have been shown to have thermal conductivities within the range of our lowest-achieved value in this work; however, these materials do not have the exibility to incorporate into garments. 5, [7] [8] [9] It is well-known that the thermal conductivity of a gas scales linearly with its specic heat and inversely with the square root of its molecular weight. 19 Given these criteria, an ideal choice for an insulating gas is a monatomic (low-specic-heat), highmolecular-weight gas that is not radiotoxic and is also inert (e.g., argon, krypton, xenon). Incorporating insulating gases such as monatomic, high-molecular-weight gases, into foams as blowing agents is not a new concept. For example, preliminary studies have been carried out using krypton-xenon mixtures 20 and argon 21 as blowing agents for foam insulation, but the technique has not become widely adopted. This is likely due to the signicant leakage rate and replacement by ambient air that the foams would experience following manufacturing. We overcome this issue by developing a process for the facile infusion of high-molecular-weight noble gases into closed-cell foams in a non-destructive and repeatable fashion at any point post-fabrication. We focus primarily on neoprene foams, since they are oen used for extending dive persistence in near 0 C water. 22 However, neoprene foam conducts thermal energy efficiently enough that a wetsuit wearer can only spend less than one hour in near-freezing water before becoming susceptible to hypothermia. 22 The ultra-low thermal conductivity garments produced in this work could signicantly extend this time by drastically reducing the rate of heat loss from the wearer. Taken together, the results in this work suggest that pressure-induced noble gas infusion is a simple method to dramatically enhance the insulating performance of foam composite materials, which could extend the possible duration of recreational, industrial and military activities in water.
Material synthesis
Foam neoprene is a closed-cell elastomeric foam consisting of gaseous cells dispersed within a solid neoprene rubber (polychloroprene) matrix (Fig. 1a ). The gaseous phase of neoprene foam typically contains nitrogen or air, with thermal conductivity k g ¼ 0.026 W m À1 K À1 (at 25 C). Due to the high volume fraction of the gas (typically >70%) and heat partitioning between the gas and rubber phases, the inclusion of the gas phase leads to a reduction in the overall thermal conductivity of the material. However, air is not the most effective insulator among gases at room temperature. Thus, replacement of the air by a better-insulating gas has the potential to signicantly improve the insulating performance of neoprene. In this work, we focus on the noble gases argon, xenon, and krypton, and compare their performance with that of air. Xenon (Xe), krypton (Kr) and argon (Ar) all possess lower thermal conductivities than air and are chemically inert, making them attractive candidates to replace air and enhance the insulating capabilities of neoprene foam. Fig. 1a shows a scanning electron micrograph (SEM) of a standard, commercial neoprene foam, which is characterized by approximately spherical pores with diameters in the range of 100-200 mm. The pores contain a mixture of nitrogen and oxygen (air) as the lling gas, and the pores are dispersed within a neoprene rubber matrix. We calculate a porosity (gas volume fraction) of 83 AE 2% from image analysis of SEMs of the neoprene foam, such as that shown in Fig. 1a (see also ESI †) for the neoprene foams considered in this work. The thermal conductivities 17 of the gases considered in this work, measured at room temperature, are 0.026 W m À1 K À1 (air), 0.018 W m À1 K À1 (Ar), 0.0095 W m À1 K À1 (Kr), and 0.0055 W m À1 K À1 (Xe). The effect of replacing the standard neoprene lling gas with a lower-thermal-conductivity gas can be predicted using Maxwell's homogeneous medium model, [23] [24] [25] which has been shown to capture the effective thermal conductivity of neoprene foams, k f , reasonably well: 1
Here k r is the thermal conductivity of the rubber (which we estimate to be 0.228 W m À1 K À1 , see ESI †), k g is the thermal conductivity of the gas (or gas mixture) in the cells, and f is the porosity. Eqn (1) assumes that the pores with volume fraction f are roughly spherical and that there is no Kapitza resistance at the interface between gas and rubber.
The Maxwell effective medium model was chosen due to its simplicity and relative accuracy. Bardy et al. 1 conducted a thorough study of the thermal conductivity as a function of both hydrostatic and uniaxial compressive strain for neoprene foams. At each condition, they measured the thermal conductivity using a thermal conductivity meter that conforms to ASTM C518 and ISO DIS 8301 standards. They compared their measured values to those from various different models for foam materials. As shown in Table 1 of their paper, Maxwell's model generally performed comparably to other (generally more complicated) models, and was typically among the most accurate.
The absolute lower bound on the foam thermal conductivity is determined from setting k g ¼ 0 in eqn (1) above to nd k f,k g ¼0 ¼ 0.0274 W m À1 K À1 . When air is present in the pores, the thermal conductivity approximately doubles, suggesting a roughly 50% heat partitioning between air and rubber. The predicted effective thermal conductivities for neoprene foam lled with air, Ar, Xe, and Kr are provided in Fig. 1c . A reduction in thermal conductivity of up to $40% is predicted for neoprene foam infused with Xe as compared with standard neoprene foam infused with air. Fig. 1b illustrates the process ow for fabricating neoprene foams infused with high-molecular-weight, noble gases: starting with standard neoprene consisting of gas cells containing air (blue), the neoprene is immersed in an atmosphere of the insulating gas to be infused (red) at an absolute pressure of 243 kPa (20 psi gauge). The process of gas infusion into a closed-cell foam consists of multiple steps: the insulating gas adsorbs to the outer surface of the neoprene and dissolves in the solid rubber, the gas molecules diffuse through the solid rubber, and the gas desorbs at the inner walls of the gas cells. We term this process "charging." With the gas infused at room temperature and 243 kPa of pressure, signicant reductions in thermal conductivity can be seen in as little as 2 hours, and the maximum possible reduction is attained aer approximately 5 days. Eventually, equilibrium is attained such that the pressure of the insulating gas inside the cells is equal to the ambient gas pressure. Foamed neoprene samples with Ar, Xe, and Kr lling (1) . Thermal conductivities for the gases considered in this work: 17 air (0.026 W m À1 K À1 ), Ar (0.018 W m À1 K À1 ), Kr (0.0095 W m À1 K À1 ), and Xe (0.0055 W m À1 K À1 ). For experiments, the plotted data represent the average of at least 3 measurements and error bars represent one standard deviation in each direction. For the Maxwell data, error bars reflect uncertainty in the estimate due to uncertainty in the estimate of porosity from SEM images. (d) Measured thermal conductivity of neoprene vs. time for the indicated filling gases, as compared to the control (air). Gas discharge takes place over a time scale that depends mainly on the insulating gas. All measurements are estimated to be within 7% of the actual values. In the charging case, the neoprene is initially filled with nitrogen (to approximate air) at atmospheric pressure and is placed in a pure atmosphere of Ar at t ¼ 0; in the discharging case the opposite is true, except the Ar is initially at 243 kPa (which is the pressure of the Ar atmosphere to which the neoprene is exposed). Further details on the initial and boundary conditions are provided in the ESI. † gases were fabricated according to the procedure outlined in the Methods section.
The thermal conductivities of charged and unmodied neoprene foams were measured using the Transient Plane Source (TPS) Hot Disk method, which is an established ISO standard transient method for measuring the thermal conductivity of polymeric samples 26 (Experimental section and ESI †). The accuracy of the Hot Disk instrument is estimated to be approximately 7%, as quantied by measurements conducted on a NIST thermal conductivity standard material, specically SRM 1453 (expanded polystyrene board) (ESI †). Almanza et al. presented evidence 27 that the TPS method over-predicts the thermal conductivity of polyethylene closed-cell foams compared to a standard steady-state technique. Based on this data, and on the 7% over-prediction of the EPS board, is possible that the TPS method slightly over-predicts the thermal conductivity of neoprene foam as well, and so the values presented in this work may be considered as conservative estimates of the insulation enhancement provided by noble gas infusion. The thermal conductivity measured immediately aer removal from the pure-gas environment for Ar-, Kr-, and Xe-infused neoprene foams, is shown in Fig. 1c . A measurement of the thermal conductivity of standard, unmodied neoprene is also provided as a control. We observe a signicant reduction in thermal conductivity of neoprene foam, ranging from $25% with Ar to 40% with Xe. In addition, the experimental data is in agreement with the Maxwell effective thermal conductivity model assumed throughout this work ( Fig. 1c ). Error bars indicate the standard deviation of at least 3 individual measurements in each direction. Immediately aer removal, we assume that only the noble gas inhabits the pores of the neoprene foam, i.e., the infused gas completely replaces the air in the pores. We gain conrmation of this from nite-element simulations of heat transfer (assuming pure conduction) in simulated neoprene foam, which predict effective thermal conductivities for the neoprene foam that agree well with the experimental values and values predicted by the Maxwell effective thermal conductivity model ( Fig. S4 and Table S1 †).
The reduction in thermal conductivity due to infusion of a highly insulating gas is transient in nature, as the thermal conductivity returns to and/or surpasses the control value within approximately 12 hours or more ( Fig. 1d ), reaches a local maximum, and eventually decays back to the control value as the air returns to the pores over time scales of weeks to (in some cases) months. We term this process "discharging." The increase in thermal conductivity with time aer the neoprene samples are removed from the gas environment is attributed to (i) gas exchange between the neoprene sample and the ambient air and (ii) an associated pore shrinkage within the foam, which reduces its porosity. The pore contraction in turn reduces the sample thickness ( Fig. 3b ) and hence reduces the thermal resistance, since neoprene rubber can be considered incompressible to a good approximation. 1, 28 To capture these trends quantitatively and understand how long the neoprene must be exposed to the gas atmosphere for its insulating properties to be noticeably improved, we developed a numerical model of the gas diffusion process, as discussed next.
Mathematical modeling of neoprene charging and discharging
The model geometry is based on the experimental setup we employed to measure the thermal conductivity of neoprene foam discs, shown in Fig. 3a , and we focus primarily on Arinfused neoprene foams. Further details on the experimental apparatus can be found in the Experimental section below.
We assume the diffusion process in the neoprene foam to follow Fick's law. In the absence of chemical reactions, the conservation of mass for each gas species becomes:
In our model, we also provide initial and boundary conditions for the model that depend on whether the gas is charging or discharging from the neoprene.
For the discharge simulations, the initial condition species that only Ar (no nitrogen) lls the pores at a pressure equal to the lling pressure of the gas ($243 kPa). The boundary conditions dictate negligible ux out of the top and bottom sides and that the sides of the disc instantaneously equilibrate with the surroundings, which contain nitrogen at atmospheric pressure. For the charging simulations, the initial condition species only nitrogen in the pores at atmospheric pressure (101 kPa). The boundary conditions specify negligible gas ux on the bottom surface of the disc (it is assumed to lie at on the bottom of the charging container) and chemical equilibrium between the top and side edges and the surroundings, which contain Ar at 243 kPa. Fig. 2 summarizes the initial and boundary conditions for each simulation and shows the geometry and dimensions of the neoprene disc that serves as the simulation domain.
Finally, we use well-established theories for the thermal conductivity of a gas mixture, combined with Maxwell's eqn (1) to estimate the thermal conductivity as a function of time in both models.
Since the gas cells are (at maximum) 100-200 mm in size ( Fig. 1a ), the thermal Péclet number is assumed to be negligible throughout the neoprene foam. That is, in this work we assume convective heat transfer within the pores is negligible compared to thermal diffusion. This assumption is justied by the agreement between the experimental measurements ( Fig. 1c ) and eqn (1) , which considers heat transfer by conduction only, and by nite-element simulations of heat transfer in the neoprene that assume pure conduction (ESI †).
To construct a numerical model of gas diffusion in the foam, it is necessary to know the effective diffusion coefficients for the gases in the foam. The diffusion coefficients of several gases, including Ar and nitrogen, in neoprene rubber are tabulated in various sources. [29] [30] [31] However, the effective diffusivities and solubilities in neoprene foam for the gases of interest here are not documented. To resolve this issue, in this work we derive an "effective foam solubility" S foam (details in ESI †); in addition, using a relatively simple permeation apparatus, it is possible to experimentally determine the effective diffusivity of a gas in neoprene foam, D foam . In the ESI, † we describe the experimental apparatus and simple curve-tting procedure that allow us to determine D foam for Ar and Xe. Subsequently, we describe the procedure to derive the effective foam solubility for each gas.
During the charging and discharging processes, we expect there to be a mixture of air and the insulating gas in the foam. Thus, the term k g in eqn (1) is generally a function of the relative concentrations of the gases present at a given time.
The thermal conductivity of a gas mixture is not typically a linear function of the mole fraction of each gas. Depending on the difference in polarity between the gas molecules, the resulting mixture may either (i) attain a maximum above the larger of the two thermal conductivities, (ii) attain a minimum below the smaller of the two thermal conductivities, or (iii) vary monotonically with gas composition. 32 The thermal conductivity of a gas mixture can be described by the Wassiljewa equation, 33
where k i is the thermal conductivity of pure gas i; n ¼ 2 gas species, namely nitrogen and the ll gas of interest; y i and y j are the mole fractions of components i and j; M i is the molecular weight of the gas i, 3 is a dimensionless constant that has been empirically measured to be near unity; and A ij are a set of constants, subject to the constraint A ii ¼ 0, which depend on the molecular weights and thermal conductivities of each individual gas. The constants A ij are estimated in eqn (3) above using the result from Mason & Saxena. 34 The porosity of the standard neoprene foam samples considered in this work was determined to be approximately 83 AE 2% (see preceding section). Under this assumption, and using the measured values of foam density, the rubber density is estimated from the published relation, f ¼ 1 À r foam /r rubber 1 to be r rubber ¼ 0.51 g cm À3 . Since the rubber density is calculated based on the estimated porosity, there is an associated Fig. 3 (a) Photograph of thermal conductivity measurement apparatus, making use of the hot disk transient method. A nickel wire protected by a kapton covering ("Sensor/Source"), which acts as both the heat source and temperature sensor, is sandwiched between neoprene samples. They are held in place by a mild steel weight that provides light compressive stress ($0.01 bar), which keeps air cavities from forming between the sample and sensor (which would corrupt the measurement). The neoprene coupons are cut to have the same diameter as the weight so that the compressive stress is uniform on the sample surface. (b) Thickness of Ar-infused neoprene coupon as a function of time during gas discharge, as measured optically using a high-resolution USB camera. The solid blue curve is a fit of the form ae Àbt + c, where a ¼ 0.2092 cm, b ¼ À0.058 h À1 , and c ¼ 0.4842 cm. In the simulations, the thickness varies in time according to this exponential fit curve. Each thickness measurement is the average of 5 individual measurements performed using ImageJ, and error bars represent one standard deviation in each direction. uncertainty in the rubber density. Specically, the AE2% uncertainty in the porosity implies a range for the rubber density of 0.464 g cm À3 < r rubber < 0.588 g cm À3 .
Finally, the overall thermal conductivity of the foam, k f , is computed as the average of k xy over the volume of the foam. The predicted and measured values of k f are plotted in Fig. 3c for discharging and Fig. 3d for charging. The shaded range plotted in Fig. 3c is determined by assuming the minimum and maximum values of the rubber density, which inuences the porosity according to f ¼ 1 À r foam /r rubber 1 and therefore the thermal conductivity of the foam. The results of the discharging and charging simulations are compared with experiments for Ar-infused neoprene that has been charged for 7 days, and for neoprene charged with Ar for several different lling times (from 2 to 33 hours), respectively. Fig. 3c shows the simulated and experimentally measured dependence of thermal conductivity on time for Ar-infused neoprene over a 60 hour discharging experiment. Fig. 3d compares the simulation predictions (solid curve) with experimental measurements of neoprene samples that were charged with Ar for various times. In both cases, good agreement is observed between simulations and experiments. We emphasize that both the discharging and charging simulations use the same values of the effective foam diffusivities and effective foam solubilities for nitrogen and Ar. Only the initial and boundary conditions change from the discharging to the charging simulations, as explained above and visualized by comparing Fig. 2a and b. During discharging, there is almost no gas discharge through the top and bottom surfaces (since neoprene pieces are stacked on top of one another, with the metal weight on top and stage on the bottom), and so most of the gas exchange occurs through the outer edges. As a result, we ignore any gas ux that may take place through the top or bottom surfaces. During charging, it is assumed that a neoprene disc is sitting at on the bottom of the charging container, and so there is very little gas exchange through the bottom surface of the disc (since it touches the bottom of the lling tank), but there is signicant gas exchange on the top and outer edge surfaces.
Lastly, it should be noted that effect of charging the neoprene foam at elevated gas temperatures has the potential to signicantly accelerate the gas infusion process (Fig. S13 †) . This will be a major focus of future investigations.
Overall, the simulation and experimental data show that, for these 6 mm thick, 5 cm radius neoprene foam samples, a 20% reduction in thermal conductivity can be achieved within 24 hours of charging. Maximum reduction is observed aer roughly 4-5 daysthese charging times produced the results shown in Fig. 1c and d. 
Material performance as a low temperature wetsuit
These exible, ultra-low-thermal-conductivity materials can be applied to the production of a new class of low-temperature dive (6) for the time to hypothermia (i.e., time required for core body temperature T core to decrease from the initial value, 37 C, to T h ¼ 35 C) as a function of water temperature for no wetsuit and for wetsuits with the indicated gases. These data are compared to experimental data (shaded grey region) reported by Aguilella-Arzo et al. 22 ("Range Lit. Data"). Note the logarithmic vertical axis.
suits. First, to determine whether the charging process is repeatable, we subjected two sets of samples to multiple charging steps, one set each in Ar and Xe. Fig. 4a and b show the results of these recharging experiments for Ar and Xe, respectively. In each case, a set of 4 neoprene discs was charged with the indicated gas (over 7 days) and their thermal conductivity measured ("one charge") using the apparatus shown in Fig. 3a . The same samples are then placed in the same insulating gas a second time (again for 7 days) and their thermal conductivities are measured again. Each panel shows strong evidence that the gas charging process is repeatable using either Ar or Xe as the charging gas. This suggests that garments made from foam neoprene, such as wetsuits, could be charged and recharged multiple times without any reduction in insulation performance.
Second, we investigate the modication of foamed neoprene in the form of a commercial wetsuit. The process by which an entire neoprene wetsuit is modied is shown schematically in the ESI. † We analyze three wetsuits: a control, a Kr-infused wetsuit, and an Ar-infused wetsuit. Fig. 4c shows the thermal conductivities of the modied (Kr) and unmodied wetsuits stored in air as a function of time. The results for the wetsuit are also compared with the results for the Kr-infused "bare" neoprene samples investigated in the previous sections. As anticipated, the results are quite similar. As a comparison to the elements existing in the systems, thermal conductivities for neoprene rubber, air, and Kr are also provided. Results for the Ar-infused wetsuit are provided in the ESI (Fig. S11b ). † Our main conclusion is that an entire wetsuit can be charged to yield similar thermal conductivity reductions to those obtained at a smaller scale.
To quantify the benet of a better-insulating wetsuit to a diver, we select the time to hypothermia (dened as the time required for the diver's core body temperature to reach 35 C) as the gure of merit and use a simple thermo-physiological model to calculate it. 22 We begin with the rst law of thermodynamics applied to the diver, ðMcÞ body dT core ðtÞ dt ¼ Q gen À T core ðtÞ À T water R ;
where T core is the core body temperature, M body and c body are the mass and specic heat capacity of the diver, respectively, Q gen is the diver's metabolic heat generation rate, T water is the water temperature, and R is the total thermal resistance between the diver's core and the background water. The process of heat transfer from a diver's body to the surrounding water can be modeled with three thermal resistances in series: conduction through the dermis (R dermis ), conduction through the wetsuit, and convection from the outer surface of the wetsuit to the water:
where A body is the body surface area, d suit is the wetsuit thickness, k suit is the thermal conductivity of the wetsuit, and h water is the effective heat transfer coefficient for natural or forced convection to the water. The rst, second, and third terms on the right hand side of eqn (5) represent conduction through the dermis, conduction through the wetsuit, and convection to the water, respectively. Eqn (4) is solved analytically (subject to the initial condition T core ¼ 37 C at t ¼ 0) to give the core temperature as a function of time, T core (t), from which the timeto-hypothermia t h is found to be
where T h ¼ 35 C is the core temperature at which hypothermia sets in. 22 Using typical values for the thermal resistance of the dermis, 22 R dermis ¼ 0.03 K W À1 , the surface area of the body 35 (A body ¼ 2 m 2 ), the mass of a typical human body 22 (M body ¼ 75 kg), the specic heat capacity of the body 22 (c body ¼ 3470 J kg À1 K À1 ), the heat generation rate 22 ( Q gen ¼ 120 W), the thickness of the suit (d suit ¼ 7 mm), which varies in general from 5 to 12 mm, and the heat transfer coefficient, 36 h water ¼ 25 W m À2 K À1 , we can plot the time to hypothermia as a function of water temperature (Fig. 4d ) for wetsuits with thermal conductivities (k suit ) corresponding to the initial measured values in Fig. 1c . As demonstrated by Fig. 4d , the observed reductions in thermal conductivity can enable wetsuits that allow divers to safely spend more time underwater compared to a standard wetsuit, especially in very cold conditions.
We also investigate the effect of environment on the thermal conductivity of Ar-infused neoprene foam stored in ambient air or water, as shown in the ESI (Fig. S7 ). † The rate of Ar discharge is signicantly reduced for the sample stored in a closed container of stagnant water, enhancing the validity of the dive persistence predictions in Fig. 4d . The rate of discharge is slightly faster (but not as fast as in an air environment) for stirred water, as shown in Fig. S7 . † These results enable waterproof textile insulation that approximates a wearable thermal air gap (the thermal conductivity of air at room temperature is approximately 0.027 W m À1 K À1 ). As demonstrated in Fig. 4d , these results could enable dives lasting 2-3 hours in water below 10 C, compared with <1 hour for the state-of-the-art. This advance introduces the prospect of effectively wearing a exible air gap for thermal protection in harsh environments.
Lastly, as the materials have primarily been characterized under ambient conditions for potential application in a frigid aquatic environment, we also characterize our materials experimentally for their performance in a frigid aquatic environment. Fig. S12 † shows the thermal conductivity as a function of time for argon-infused neoprene at room temperature in an air environment, for argon-infused neoprene at 5 C in an aquatic environment, and for a neoprene control sample at room temperature in an air environment. It is clear that both argon-infused neoprene samples have similar reductions in thermal conductivity as compared with the control. Therefore, the reduction in environmental temperature does not have a strong inuence on the composite's thermal conductivity. Furthermore, the leakage rate of argon in the frigid aquatic environment is signicantly reduced, which is in agreement with the conclusions obtained from the argon-infused samples stored in an aquatic environment at room temperature ( Fig. S7 †) .
Conclusions
We have developed, modeled, and demonstrated a strategy for fabricating highly thermally insulating, water-compatible exible garments from the infusion of high-molecular-weight noble gases into closed-cell neoprene foams. A reduction in thermal conductivity by up to 40% is measured for neoprene foams infused with high-molecular-weight gases such as Xe, Kr, and Ar. The thermal conductivities measured for the materials closely match analytical predictions from the Maxwell model, suggesting the existence of pure highmolecular-weight noble gases within the foam pores. However, the reduction in thermal conductivity for our materials is transient in nature, with the thermal conductivity returning to, and oen surpassing, the control value for unaltered neoprene aer a time frame of up to 12 hours. This transient nature motivated the development of a numerical Fickian diffusion model to describe both the charging and discharging processes of our materials. A 6 mm thick neoprene sample can be charged in as little as 24 hours and insulates more effectively than standard neoprene for 12-36 hours aer removal from the gas environment. The numerical model matches very well with experimental measurements, and provides a reliable engineering approach to both improving and analyzing the gas charging and discharging processes. The technique introduced in this paper is not limited to neoprene foams. Using a similar strategy, it should be possible to achieve a thermal conductivity below 0.020 W m À1 K À1 in other foams, such as TPU or PEBA. This work was motivated by the need to improve insulation performance of neoprene wetsuits, and thus neoprene has been used as the material with which to demonstrate the concept, but the technique is expected to have a much broader applicability. Lastly, we charge an entire commercial wetsuit with both Ar and Kr gases and demonstrate the thermal insulation enhancements on a larger scale. With a simple thermophysiological model, we predict a factor of two enhancement in dive persistence before the onset of hypothermia for an average diver in 0 C water for a wetsuit composed of our material versus standard commercial neoprene.
Experimental section

Materials
Foamed neoprene (thicknesses ¼ 1.6 mm & 6.4 mm) was purchased from Cleverbrand Inc. (Cheektowaga, NY, USA). Men's medium sized 4/3 mm neoprene wetsuits were purchased from O'Neill (Santa Cruz, CA, USA). Xe and Kr gases were purchased from Concorde Specialty Gases (Eatontown, NJ, USA). Ar gas was obtained from Airgas.
Material fabrication
The bare neoprene coupons and wetsuit are placed into a 1.9 L and 19 L sealed container, respectively, which is then lled with the insulating gas until the pressure inside the container reaches 20 psi (gauge). The sealed tanks are attached to the appropriate gas cylinders via pressure regulators, which maintain the pressure for the desired number of days.
Thermal characterization
Thermal conductivity was measured in this work using the Hot Disk method, an ISO standard technique (ISO 22007-2:2015(en)). Thermal conductivity measurements were carried out using a Thermtest Hot Disk TPS 2500 S thermal conductivity meter (ThermTest Inc., Fredericton, NB, Canada). For all measurements, the Hot Disk Kapton 5501 sensor (radius ¼ 6.4 mm) acted as both the heat source and temperature measurement sensor. The heating power for each experiment was 15 mW for a period of 80 seconds. Data points 40-200 were analyzed to determine the thermal conductivity. At least four neoprene or wetsuit samples were cut into circles (radius ¼ 2.5 cm) and stacked symmetrically on either side of the planar sensor for each measurement. A mild steel weight (0.3 kg; radius ¼ 2.5 cm; thickness ¼ 2 cm) was also placed on the top of the stacked neoprene samples to minimize the interfacial thermal resistance between samples and the sensor (Fig. 3a) . All measurements were performed at ambient temperature (21 C), with the exception of the data in Fig. S12 † (5 C) . Fig. 3a shows the experimental setup for measurement of thermal conductivity. A cylindrical metal weight (mild steel, mass M s ¼ 0.312 kg, diameter D s ¼ 5 cm, thickness H s ¼ 2 cm) is placed on top of the sample to ensure that no air gaps form between the Hot Disk sensor and the neoprene pieces it directly touches. If such gaps were present, heat transfer through the air within them would contaminate the thermal conductivity measurements. The weight imposes a compressive stress of 4M s g/pD s 2 ¼ 1.56 kPa, or about 0.015 atm, on the neoprene.
From a systematic previous study of neoprene's thermal conductivity as a function of ambient hydrostatic pressure by Bardy et al., 1 the pressure imposed by the steel weight is not enough to signicantly alter the thermal conductivity from its nominal value in the absence of compression. The neoprene coupons are cut into circular discs with diameters equal to that of the steel weight, so that the compressive stress is uniform over the neoprene surface, and is consistent for different experiments. A heating power of 15 mW is applied and measurements are collected for 80 s for all data reported in this study.
Microscopic characterization
Thickness and radius vs. time measurements were taken using captured images (analyzed using ImageJ) from a Deluxe Handheld Digital Microscope from Celestron. A single Arinfused neoprene sample (radius ¼ 2.5 cm) with the mild stainless steel weight (0.3 kg; radius ¼ 2.5 cm; thickness ¼ 2 cm) was imaged over time directly aer removal from the pressurized Ar gas environment. The morphology of the neoprene foams was investigated with SEM 6010LA JEOL under high vacuum and operation voltage of 1 kV.
Permeation experiments
The Xe and Ar permeation test through neoprene was carried out in a homemade permeation cell, described in detail elsewhere 37 where the neoprene foam was clamped between two halves of stainless steel module. A schematic of the operation is shown in the ESI. † Pure xenon or argon gas at a gauge pressure of 445 torr was fed to the neoprene foam. Nitrogen was used as the sweep gas to direct the permeated gas components to the mass spectrometer (MS, Agilent 5977A coupled with Diablo 5000A real-time gas analyzer). The MS was pre-calibrated with respect to the gas composition, yielding a proportional dependence of the MS signal vs. the molar composition (mol%) of gas feed. The MS signal intensities were used to calculate the permeability of each gas species. The pressure on the permeate side was maintained near atmospheric pressure at 1.1 bar.
Simulations
Simulations were performed using the nite element soware package COMSOL Multiphysics 5.1 (Burlington, MA, USA) on a Sony VAIO personal computer.
Conceptual insights
Effective thermal insulation is essential for many applications, including energy conservation and energy harvesting. For example, thermally insulating fabrics are vital for human thermal management and prevention of hypothermia at temperatures below normal physiological range. Highperformance insulating garments become even more important in low-temperature water environments, where convective heat losses are very efficient. Herein, we develop, demonstrate, and model a repeatable process for synthesizing ultra-lowthermal-conductivity closed-cell neoprene garments by infusing high-molecular-weight noble gases. We apply this concept to low-temperature dive suits, such as those used by military divers, underwater workers, or open-water swimmers. We employ this processing strategy to develop an ultrainsulating neoprene wetsuit, which we predict can extend safe dive times to 2-3 hours in water below 10 C, compared to a state-of-the-art wetsuit (<1 hour). Our innovation brings to the materials science eld a repeatable process for enhancing the thermal insulation properties of closed-cell foam garments; however, the concept could also be applied to other closed-cell foams to enhance their insulating capabilities.
Financial interests
Some of the authors are co-inventors on a provisional patent application entitled "Ultra-Low Thermal Conductivity Diving-Suit Material For Enhanced Persistence In Cold-Water Dives."
Conflicts of interest
There are no conicts to declare.
